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r2.2.21QCTANE RING SYSTEMS 
Advisor: Dr. Malcolm B. Polk 
Thesis dated December 1987 
Poly[oxy(bicyclo[2.2.2]oct-2-ene-l,4-ylene)oxycarbonyl-trans-1.4- 
cyclohexylenecarbonyl], (Aj), poly[oxy(bicyclo[2.2.2]oct-2-ene-l,4- 
ylene)oxycarbonyl-l,4-bicyclo[2.2.2]octylenecarbonyl], (Cj), and 
poly[oxy(l,4-bicyclo[2.2.2]oct-2-ene-l,4-ylene)oxyterephthaloyl], 
(Ej), homopolyesters were prepared by solution polyesterification. 
Homopolyester Ej exhibited a biréfringent fluid phase onset at 
245°, which persisted to 340° (the temperature limit of the equip¬ 
ment). Homopolyesters A^ and Cj did not exhibit thermotropic 
behavior. Homopolyester Ej was least soluble, due to the 1,4- 
phenylene unit. The homopolyesters were generally thermally stable 
up to ca. 325°. 
Random copolyesters were obtained by reacting 60 mole % of the 
mesogenic groups, bicyclo[2.2.2]octane-l,4-diol or bicyclo[2.2.2]oct- 
2-ene-l,4-diol and 40 mole % of the semi-flexible spacers, 1,4-ben- 
zenedimethanol, trans-1,4-bicyclo[2.2.2]octanedimethanol, or 1,4- 
bis(hydroxymethyl)bicyc1o[2.2.2]octane. All the spacers were compati¬ 
ble with thermotropic systems. 
The polyesters were characterized by *3C and nuclear mag¬ 
netic resonance spectroscopy, thermogravimetric analysis, differential 
scanning calorimetry, infrared spectroscopy, solubility, and solution 
viscometry. 
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INTRODUCTION 
The liquid crystalline or mesomorphic phase represents a state 
of matter intermediate between the statistical long-range molecular 
disorder of isotropic gases and liquids, and the long-range posi¬ 
tional and orientational molecular order of a solid crystal. Liquid 
crystals exist either in melts (thermotropic) or in solution (lyotropic) 
as nematic (no long-range order),1,2 smectic (two-dimensional short- 
range order or one-dimensional long-range order within planes),-* or 
cholesteric (twisted nematic)^ phases (Figure 1). The particular 
liquid crystalline structure observed depends on the position and 
polarity of groups within the molecule, presence of chiral centers, 
and the shape of the molecule.5 These phases are characterized by 
the ability to depolarize plane polarized light (birefringence), 
shear opalescence, and orientation in a magnetic or electric field. 
Due to their ordered nature, liquid crystals have been a sub¬ 
ject of very intense scientific investigation.5"^ In spectroscopy, 
liquid crystals are used as excellent solvents for organic molecules; 
non-mesomorphic guest molecules can be incorporated in the liquid 
crystals without destruction of the prevailing order in the liquid 
crystalline matrix. Thus highly oriented solutions of solute molecules 
can be easily prepared.15,11 Medical and technical applications 
of liquid crystals include use as detectors for temperature changes,12 
2 
(c) 
Fiaure 1. Idealized representations of molecules in a) nematic, b) 
cholesteric, and c) smectic phases. 
Taken from de Jeu, W. H. "Physical Chemistry of Liquid Crystalline 
Materials," Gordon and Breach, N. Y. 1981, p. 3. 
3 
color displays,13'16 and as low energy devices17 for rapid 
assimilation of data. 
Formation of the thermotropic nematic phase has attracted 
particular interest, in part due to an analogy with the lyotropic 
phase formed by solutions of poly(j)-phenylene terephthalamide), 
Kevlar. A review of the literature indicates the following 
general structural requirements for the formation of the nematic 
phase in polymers: 1) polarizable, rigid, planar, and linear ring 
nuclei, for example, £-phenylene or 2,6-naphthalene moieties; 2) inter- 
nuclear components with the ability to preferentially adopt a trans- 
conformation, for example, ester (-0-C=0),18 thioester (-S-C=0),19 
and azomethine (-CH=N-)30 groups which in combination with the ring 
element provide an extended rigid-rod segment in the polymer chain. 
The utilization of the benzene and cyclohexane rings in poly¬ 
polyesters to form thermotropic liquid crystals is well esta¬ 
blished. 2i-24 The linearity, similarity in geometry,
36 and 
polarizability36 of 1,4-disubstituted benzene (width = 5.0 A)37 
0
 97 and bicyclo[2.2.2]octane (width = 4.9 A)£/ lead to the expec¬ 
tation of liquid crystalline properties for polymers which contain 
1,4-disubstituted bicyclo[2.2.2]octane and bicyclo[2.2.2]oct-2-ene 
ring systems. In fact, a number of low molecular weight liquid 
crystals have been synthesized which contain these moieties. In 
1970, Dewar and Goldberg36 studied the effect on thermotropic be¬ 
havior by systematic replacement of the benzene rings in E-phenylene 
4 
dianisate. The authors reported that replacing the central and a 
terminal benzene ring by bicyclo[2.2.2]octane ring did not destroy 
the mesophase, but decreased the nematic to isotropic transition by 
28° and 76°, respectively. Also, by replacing the £-phenylene ring 
in this system by the trans-1,4-cyclohexane moiety (a group which is 
linear, saturated but rather flexible) a further decrease in the 
nematic to isotropic liquid transition was observed. These results 
suggest that the influence of the benzene ring was not purely geome¬ 
tric, but involved the enhancement of anisotropy due to the presence 
of polarizable electrons. However, rigidity is more important than 
unsaturation for the stability of the nematic mesophase. 
In a study of factors influencing the stability of nematic 
liquid crystals, Dewar and Riddle^ replaced the central benzene 
ring of bi_s-j3-methoxyphenyl terephthalate, (la), with bicyclo[2.2.21- 
octane and bicyclo[2.2.2]oct-2-ene. They observed that introduction 
of a double bond into the bicyclooctylene moiety led to an increase 
in the mesophase stability. The nematic to isotropic liquid transi¬ 
tion temperature was only 9° less than that of bis-p-methoxyphenvl 
terephthalate, (la). The difference in the nematic to isotropic 
transition of (lb) and (lc) is due to reduced symmetry, the saturated 
central group having symmetry while the unsaturated central 
group has only D2 symmetry. 
5 
X = 0 
R - CH3 
Gray and Kelly^ in 1981, reported nematic phases of compounds 
with the following structures: 
R = C4H9,C5H11,C7H15 
These esters consistently exhibited liquid crystalline transi¬ 
tions at higher temperatures than analogous mesogens in which the 
bicyclo[2.2.2]octane ring was replaced by a 1,4-disubstituted 
phenyl ene^>31 or a trans-1,4-disubstituted cyclohexane ring.32 
6 
In 1981, Gray and Kelly29,33 studied compounds of the 
structures : 
-CsHn 
x- -(H)- -QH 
1 2 3 
R = C3H7,C4Hg,C5H11,C7H15 
Y = OC5H11,OC4H9,OC7H13 
These compounds exhibit strong nematic character, low bire¬ 
fringence, and low dielectric anisotropy in the nematic phase. Their 
nematic to isotropic transition temperatures are of the general order 
3>2>1. 
Watson-*4 in a 1964 patent reported the synthesis of film- and 
fiber-forming polyester, poly(m-phenylene-l,4-bicyclo[2.2.2]octane 
di carboxyl ate). However, liquid crystalline properties were not re¬ 
ported for the polymer. In another patent issued in 1966, Watson35 
reported the synthesis of random copolyesters based on bicyclo[2.2.2]- 
octane-1,4-dicarboxylic acid, suitable dihydroxy semi-flexible spacers 
and other components without mention of liquid crystalline properties. 
7 
Taimir and Smith39 synthesized a series of polyesters based on 
bicyclo[2.2.2]octane-l,4-dicarboxylic acid, and attributed their 
high thermal and oxidative stabilities (relative to polyesters with 
the 1,4-phenylene moiety) to the rings providing an approximate 
ladder structure to the polymers. No mention was made of the 
liquid crystalline properties for the polyesters. 
Recently, Polk et al3^ reported on the biréfringent fluid 
phase of random copolyesters synthesized with a 1.0:0.65:0.35 molar 
ratio of trans-1.4-cvclohexanediol, bicyclo[2.2.2]octane-l,4-dicar¬ 
bonyl chloride and sebacoyl chloride. Also recently, Polk and 
Onwumere39 demonstrated the thermotropic liquid crystalline be¬ 
havior of poly[oxy(2-chloro-l,4-phenylene)oxycarbonyl-1,4-bicyclo- 
[2.2.2] octylenecarbonyl-co-oxy(2-chloro-l,4-phenylene)oxysebacoyl] 
and poly[oxy(2-methyl -1,4-phenylene)oxycarbonyl-1,4-bicyclo[2.2.2]- 
octylenecarbonyl-co-oxy(2-methyl -l,4-phenylene)oxysebacoyl] at 199- 
317° and 208-345°, respectively. Nandu39 has demonstrated the 
liquid crystalline properties of copolyesters made from bicyclo[2.2.2]- 
octane-1,4-dicarbonyl chloride, sebacoyl chloride and bromo- and 
phenyl-substituted hydroquinones. 
Polk et al^9 have reported the use of 1,4-dihydroxybicyclo- 
[2.2.2] octane in polyester synthesis. Homopolyesters made from 1,4- 
dihydroxybicyclo[2.2.2]octane and trans-1,4-cyclohexanedicarbonyl 
chloride or bicyclo[2.2.2]octane-l,4-dicarbonyl chloride decomposed 
before melting. Thus characterization of their thermotropic mesophase 
was impossible. Some of the copolyesters consisting of suitable 
8 
flexible spacers, such as sebacoyl chloride, melted at tempera¬ 
tures low enough for the characterization of their biréfringent fluid 
phase. A review of the literature indicated the absence of the use 
of bicyclo[2.2.2]oct-2-ene as a mesogenic group in polymer syntheses. 
It is possible to incorporate mesogenic units in polymer mole¬ 
cules in different ways. Figure 2 shows some of the possibilities. 
Our objectives in this work were to synthesize main-chain type 
(Figure 2, type 1) homopolyesters, taking advantage of the low 
symmetry of the mesogenic group, the bicyclo[2.2.2]oct-2-ene ring, 
and to demonstrate its compatability in thermotropic polyester sys¬ 
tems. In cases where it proved necessary to reduce the transi¬ 
tion temperatures or increase solubility of the polyesters, semi- 
flexible moieties; trans-1,4-cvclohexanedimethanol, 1,4-benzenedi- 
methanol, and 1,4-bis(hydroxymethyl)bicyclo[2.2.2]octane were reacted 
randomly into the molecules to decouple intramolecular motions of the 
polymer chains without destroying their thermotropic behavior. 
In 1964, Kibler et al_^ prepared a series of polyesters from 
1.4- benzenedimethanol and trans-1.4-cvclohexanedimethanol, and com¬ 
pared their effect on melting transitions. They reported that for 
polyesters prepared with aliphatic dibasic acids as comonomers, trans- 
1.4- cyclohexylene and g-phenylene rings are of equal ability to confer 
high melting points upon the polyester molecules. However, with aro¬ 
matic dibasic acids, trans-1.4-cvclohexanedimethanol derived poly¬ 
esters exhibited higher melting points. In this report no mention was 
9 
1. Main chain type: 
2. Molecular shish-kebabs type: 
HHHHH- 
3. Side-chain type: 
3a conventional 
3b mesogen-jacketed 
4. Combined types of the above. 
Figure 2. Some possible placements of mesogens in polymer molecules. 
10 
made of thermotropic liquid crystalline properties resulting from the 
flexibility of the diols. Despite the widespread use of 1,4-benzene- 
dimethanol in polymer syntheses,42-46 a review 0f the literature 
indicated no mention of its use as a semi-flexible spacer in main 
chain polymeric liquid crystals. 
Poly[oxy(2-chloro-l,4-phenylene)oxyterephthaloyl] and poly[oxy- 
(2-methyl-1,4-phenylene)oxyterephthaloyl ] have been synthesized and 
found to exhibit melting points above 400°.^ Onwumere and Polk^5 
recently reported the use of trans-1.4-cvclohexanedimethanol as a 
semi-flexible spacer precursor in the copolymerization of the above 
polymers. They reported that poly[oxy(2chloro-l,4-phenylene)oxytere- 
phthaloyl-co-oxymethylene-trans-1,4-cycl ohexylenemethyleneoxytereph- 
thaloyl] and poly[oxy(2-methyl-l,4-phenylene)oxyterephthaloyl-co-oxy¬ 
methyl ene-trans-1,4-cyclohexylenemethyleneoxyterephthaloyl] exhibited 
transitions into a biréfringent fluid at ca. 275° and 245°, respec¬ 
tively. 
The use of l,4-bis(hydroxymethyl)bicyclo[2.2.2]octane in polymer 
synthesis has been widely reported,49,50 however no literature 
exists for its use as a spacer in thermotropic polymer systems. 
The diols were polymerized with the following diacid chlorides: 
1,4-bicyclo[2.2.2]octanedicarbonyl chloride, trans-1,4-cyclohexanedi- 
carbonyl chloride, and terephthaloyl chloride. The acid chlorides are 
linear, rigid, and symmetric which allows for their use for the 
synthesis of liquid crystalline polyesters. Recently, Osman51 
11 
confirmed that an increase in the çis-isomer of trans-l,4-cyclohex- 
anedicarbonyl chloride reduces the ability to maintain a nematic 
liquid crystalline phase, due essentially to its non-coil inear 
structure. 
Random copolymers prepared with the l,4-bicyclo[2.2.2]oct-2- 
enediol mesogenic unit were compared to those synthesized with the 
more symmetrical l,4-bicyclo[2.2.2]octanediol in terms of transition 
temperatures, solubility and the anticipated mesophase. 
EXPERIMENTAL 
Instrumentation and Measurements 
Inherent viscosities were measured at 30° with a calibrated 
Cannon-Fenske viscometer at concentrations of 0.5 g/100 mL of polymer 
in m-cresol and trifluoroacetic acid. 
The thermal gravimetric analysis (TGA) data were determined in 
air with the Dupont 9900 thermal Analyzer. Differential scanning 
calorimetry (DSC) thermograms were obtained in nitrogen and air on 
the Dupont 990 Thermal Analyzer with the Dupont 910 Differential 
Scanning Calorimeter. All thermograms were obtained at a heating 
rate of 20°/nnn with sealed aluminum pans. Transition temperatures 
were taken as the peak minimum (endotherm) and maximum (exotherm). 
Visual observations of thermal transitions under cross-polarized 
light were made using a Leitz Laborlux 12 Pol Microscope with a Leitz 
350 heat stage. 
Infrared spectra were obtained on KBr discs with the Nicolet 
5DXB IR spectrophotometer. 
Proton and ^C nuclear magnetic resonance (NMR) spectra were 
taken on the Bruker WH-250 at 250 MHz and 60.9 MHz, respectively in 
the Fourier transform mode. The spectra of the copolyesters and 
homopolyesters were run in unisol and deuterated trifluoroacetic 




Proton spin-lattice relaxation times (Tj) were estimated 
through an inversion-recovery technique with the following pulse 
sequence. 
I80c 90 
PREPARATION EVOLUTION DETECTION 
The homonuclear 2-dimensional correlated spectroscopy (2-D COSY) 
experiment was performed by the pulse sequence^ shown below: 
o » 
90 90 
It was obtained by using an initial time domain (s(tj,t2)) 
consisting of 1024 x 256 points for t£ and tj, respectively. The 
initial delay in which the spin system comes to equilibrium was kept 
at 5 sec. Each increment of tj was scanned 64 times. The spectral 
14 
window of fj and f£ dimensions were 2700 Hz and 1350 Hz, re¬ 
spectively. A sine-bell filtering function was used in both 
dimensions, prior to Fourier transformation to improve resolution. 
The homonuclear 2-D spectra were all symmetrized to eliminate the 
bands of "tj noise" arising from spectrometer instabilities during 
the extended acquisition time--approximately 24 hr. 
The homonuclear 2-dimensional dipolar correlated spectroscopy 
(2-D NOESY) was obtained by the pulse sequence53-^5 shown below: 
The initial delay time was 7 sec and the fixed mixing time, tm, 
was 150 ms. Following the Fourier transformation, the data matrix 
was symmetrized to eliminate the band of "tj noise" running paral¬ 
lel to the tOj (vertical) axis. This noise results from instabilities 
in the electronic components over the experimental accumulation time-- 
approximately 24 hr. 
Molecular models of the polymers were obtained by using the 
Prophet MBLD software. 
15 
Melting points of monomers were determined using the Thomas 
Hoover capillary melting point apparatus. Gas chromatography-mass 
spectra data were obtained on the Hewlett-Packard 5995 GC-MS 
apparatus. 
Elemental analysis data were provided by Galbraith Laboratories 
and Atlantic Microlabs. 
Solutions and Materials 
l,2,3,4-Tetrachlorobicyclo[2.2.2]oct-2-ene was obtained from 
Dr. J. C. Kauer of the Central Research Department of E. I. duPont 
de Nemours and Company. o-Dichlorobenzene, used as a solvent in the 
polyesterfications, was purified by fractional distillation and 
stored over molecular sieves. 
The monomers, 1,4-benzenedimethanol, trans-1.4-cvclohexanedi- 
methanol, and terephthaloyl chloride were commercial products. 
Terephthaloyl chloride was recrystallized from dry hexane. 1,4- 
Benzenedimethanol, and trans-1.4-cvclohexanedimethanol were purified 
by sublimation under reduced pressure. All of the above monomers 
were dried and their melting points and infrared spectra taken. 
1,4-Dihydroxybicyclo[2.2.2]octane, l,4-bicyclo[2.2.2]octanedicarbonyl 
chloride, trans-1.4-cvclohexanedicarbonyl chloride, 1,4-dihydroxy- 
bicyclo[2.2.2]oct-2-ene, and l,4-bicyclo[2.2.2]octanedimethanol were 
synthesized as described below. 
Synthesis of trans-1.4-cvclohexanedicarbonvl chloride. I. Trans-1.4- 
cyclohexanedicarbonyl chloride was synthesized from the corresponding 
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acid. Trans-hexahvdroterephthalic acid, 99%, (0.100 mole, 17.2 g) 
was added to 60 mL of thionyl chloride in a thoroughly dried 
single-necked round bottom flask containing a magnetic stirrer, and 
equipped with a reflux condenser fitted with a calcium chloride 
drying tube. Three drops of N,N-dimethylformamide were added, and the 
mixture was refluxed for 5 hr. After cooling the reaction mixture to 
room temperature, excess thionyl chloride was removed under reduced 
pressure, and the residue was recrystallized from hexane. The product 
was further purified by sublimation at 30° (1 mm) to give trans-1,4- 
cyclohexanedicarbonyl chloride, I, (16.7 g, yield 80%) m.p. 68-69° 
(lit56 m.p. 68-69°). 
Synthesis of bicvclor2.2.21octane-l,4-diol. VII 1,4-Dihydroxybi- 
cyclo[2.2.2]octane was prepared by modification of the Kopecky 
method57 (Scheme 1). In a thoroughly dried two-necked round bottom 
flask fitted with a thermometer, a reflux condenser, and containing a 
magnetic stirrer was added 1,4-cyclohexanedione (0.144 mole, 15.0 g), 
60 mL of isopropenyl acetate, and a catalytic amount of ^-toluene 
sulfonic acid. The mixture was refluxed with stirring in a nitrogen 
atmosphere for 72 hr. Maleic anhydride (0.144 mole, 16.4 g) was 
added to the stirring reaction mixture and reflux was continued for 
24 hr. After distillation of the acetone formed, the mixture solidi¬ 
fied and was washed with cold ethyl acetate to give the Diels-Alder 
adduct II, (33.2 g, yield 79%) m.p. 209-211° (lit53 m.p. 209- 
210.5°). 
17 
l,4-Diacetoxybicyclo[2.2.2]oct-5-ene-2,3-dicarboxylic acid an¬ 
hydride, II, (0.0860 mole, 25.0 g) was hydrogenated in 300 mL of ace¬ 
tone using activated carbon on palladium as the catalyst at 3 atmos- 
spheres of hydrogen. The reaction mixture was filtered through a 
celite bed of remove the catalyst, and the solvent was removed with a 
rotary evaporator to give 1,4-diacetoxybicyclo[2.2.2]octane-2,3-acid 
anhydride, III, (24.9 g, yield 98.8%) m.p. 185-187° (lit57 m.p. 
184-185.5°). IR spectrum (KBr) 1736, (C=0 ester); 1790 cm'1 (C=0 
acid anhydride). 1,4-Diacetoxybicyclo[2.2.2]octane-2,3-dicarboxylic 
acid anhydride, III, (0.0680 mole, 20.0 g) was hydrolyzed by refluxing 
in 15 mL of 20% potassium bicarbonate solution with stirring until 
dissolution. Cooling of the reaction mixture to room temperature, 
and acidifying with ice-cold diluted concentrated hydrochloric acid 
(1:2) resulted in the precipitation of l,4-diacetoxybicyclo[2.2.2]oc- 
tane-2,3-dicarboxylic acid, IV, (19.0 g, yield 89.2%) m.p. 188-191° 
(lit5® m.p. 189.5-190°). IR spectrum (KBr) 1735, (C=0 ester); 
1725 cm"1 (C=0 acid). 
Oxidative bisdecarboxylation of IV was carried out by the 
Cimarusti and Wolinsky method.5® Oxygen was bubbled through 160 mL 
of pyridine for 20 min, whereupon IV (0.0610 mole, 19.0 g) and lead 
tetraacetate (0.0950 mole, 42.5 g) were added. The mixture was 
heated at 65-80° until evolution of carbon dioxide ceased. Oxygen 
was bubbled into the reaction mixture for 20 min further to complete 
the reaction. The cooled mixture was decomposed with excess diluted 
concentrated nitric acid (1:2) and extracted with 5 x 100 mL anhydrous 
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ethyl ether. The combined extracts were washed with 20% potassium 
bicarbonate solution and saturated sodium chloride solution, and the 
solution was dried over anhydrous magnesium sulfate. Filtration, and 
removal of ether with a rotary evaporator yielded 1,4-diacetoxybicyclo- 
[2.2.2]oct-2-ene, V, (10.9 g, yield 51.7%) m.p. 83-86° (lit57 m.p. 
85-87°), mass spectrum (70 eV) m/z 224 (m+); 181 (m-43, loss of 
0=C-CH3) ; 138 (m-86, loss of two acetyls); 112 (base peak). 
Hydrogenation of V (0.0450 mole, 10.0 g) in acetone using 0.800 g 
of activated carbon on palladium as a catalyst with 3 atmospheres of 
hydrogen and shaking on a Parr hydrogenator, followed by filtration 
through a celite bed, and evaporation of solvent yielded 1,4-diace- 
toxybicyclo[2.2.2]octane, VI, (9.86 g, yield 98.4%) m.p. 92-95° 
(lit57 m.p. 91-93° (sealed capillary)), mass spectrum (70 eV) m/z 
226 (m+); 43 (base peak). 
l,4-Dihydroxybicyclo[2.2.2]octane, VII, was formed in 71.2% 
yield by hydrolysis of l,4-diacetoxybicyclo[2.2.2]octane, VI. A 
solution of VI (0.0410 mole, 9.20 g) and sodium hydroxide (0.250 
mole, 10.0 g) in 75 mL of methanol and 15 mL of water was refluxed 
for 2 hr. The mixture was cooled, acidified with ice-cold diluted 
concentrated hydrochloric acid (1:2), and the solvent removed with a 
rotary evaporator. Traces of solvent were removed by drying the 
residue in a vacuum oven at 100° for 5 hr. The dry residue was 
refluxed with acetone (2 x 180 mL) and the extracts were filtered hot. 
Evaporation of the solvent gave a crude product which was sublimed at 
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130° (1 mm) to give white needles of l,4-dihydroxybicyclo[2.2.2]- 
octane, VII, (3.77 g), m.p. 282-283° (lit57 m.p. 281-283°). IR 
spectrum (KBr) 3310 (0-H); 2945 cm'* (C-H). 
Additional bicyclo[2.2.2]octane-l,4-diol, VII, was prepared by 
the Kauer method5® (Scheme 1). l,2,3,4-Tetrachlorobicyclo[2.2.2]oct- 
2-ene, VIII, was converted to l,4-dichlorobicyclo[2.2.2]octane, IX, 
by catalytic hydrogenolysis. l,2,3,4-Tetrachlorobicyclo[2.2.2]oct-2- 
ene (0.0410 mole, 10 g) and potassium hydroxide, 85%, (0.26 mole, 17 
g) in 200 mL of absolute ethanol were shaken on a Parr hydrogenation 
apparatus at room temperature with 25 g of Raney nickel catalyst for 
5 hr. The solution was filtered to remove the catalyst and poured 
into a beaker containing 500 mL of ice-water. Extraction with pen¬ 
tane (5 x 300 mL) followed by drying of the combined extracts over 
anhydrous magnesium sulfate, removal of most of the solvent by 
distillation, cooling, and filtration gave white needles of 1,4- 
dichlorobicyclo[2.2.2]octane, IX, (5.10 g, yield 70%) m.p. 238- 
241°. IR spectrum (KBr) 3000-2900 (C-H stretch); 750 cm’1 
(C-Cl). 
A mixture of IX, (0.0280 mole, 5.00 g), 7.5 g of cupric oxide, 
3 g of iron powder, and 10 mL of water was heated in an autoclave 
at 220° for 24 hr. The mixture was cooled to room temperature, 
filtered, and the solvent was evaporated. The residue was sublimed 
at 130° (1 mm), giving VII (3.14 g, yield 79%) m.p. 281-282°. 
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Synthesis of 1.4-bicvclor2.2.21octanedicarbonvl chloride. XIV: 1,4- 
Bicyclo[2.2.2]octanedicarboxyl ic acid, XIV, was synthesized by 
a modification of the methods of Roberts et al61 and Humber et 
al_62 (Scheme 2). 
Nitrogen was bubbled through 200 mL of 1,2-dimethoxyethane 
contained in a thoroughly-dried 1000 mL three-necked round bottom 
flask fitted with a reflux condenser for 10 min. Then a 60% dis¬ 
persion of sodium hydride in mineral oil (0.590 mole, 30.0 g) and 
diethyl-2,5-dioxo-l,4-cyclohexanedicarboxylate (0.197 mole, 55.6 g) 
were added alternately in 5.00 g portions over 30 min with stirring 
to give a pink suspension of the disodium salt. After the spon¬ 
taneous reflux subsided, the mixture was heated at reflux with 
stirring for an additional 2 hr, and 100 mL of solvent was removed 
by distillation under nitrogen. 1,2-Dibromoethane (1.77 mole, 333 g) 
was added to the reaction mixture and distillation continued until an 
additional 75 mL of 1,2-dimethoxyethane was recovered. The reaction 
mixture was refluxed with stirring under nitrogen until it turned 
yellow (ca. 24 hr). The hot mixture was filtered and the salts 
washed with chloroform (4 x 25 mL). The filtrate was precipitated 
with dry hexane to give white crystals of diethyl-2,5-dioxobicyclo- 
[2.2.2]octane-l,4-dicarboxylate, X, (48.7 g, yield 87.6%) m.p. 
109-111° (lit62 m.p. 108-110.5°), mass spectrum (70 eV) m/z 282 
(m+) ; 236 (base peak); 209 (M-73, loss of 0=C0C2H5); 136 (M-156, 
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loss of two O=C0C2H5). IR spectrum (KBr) 1736 (strong, C=0 ester); 
1718 cm'1 (strong C=0 ketone). 
To a stirred mixture of X (0.109 mole, 30.8 g) and 1,2-ethane- 
dithiol (0.382 mole, 36.1 g) in 300 mL of glacial acetic acid was 
added boron trifluoride etherate (0.242 mole, 34.4 g) and the 
mixture was kept at room temperature for 24 hr. To the reaction 
mixture was added 200 mL of chloroform and the mixture was washed 
with water (3 x 50 mL), 5% aqueous sodium hydroxide (2 x 200 mL), 50 
mL of saturated sodium chloride solution (to break emulsions), and 
finally water (2 x 100 mL). The mixture was dried over anhydrous 
magnesium sulfate, filtered, and the filtrate was concentrated in 
vacuo. Addition of methanol and cooling to 0° gave the bis(dime- 
thylene) mercaptol of diethyl-2,5-dioxobicyclo[2.2.2]octane-l,4- 
di carboxyl ate, XI, (43.0 g, yield 98.8%) m.p. 83-85° (lit®1 m.p. 
91.8-92.7°). IR spectrum (KBr) 2971 (C-H); 1725 cm'1 (C=0 ester). 
Diethylbicyclo[2.2.2]octane-l,4-dicarboxylate, XII, was formed 
by desulfurization of XI. The bisthioketal XI (0.092 mole, 40.1 g) 
and 600 g of Raney nickel hydrogenation catalyst in 500 mL of etha¬ 
nol (95%) were refluxed for 48 hr while stirring with a mechanical 
stirrer. The catalyst was removed by filtration, and the filtrate 
was concentrated in vacuo to give crude XII (12.2 g, yield 52.0%) bp 
120-125° (lit61 bp 118-126°). 
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Diethylbicyclo[2.2.2]octane-l,4-dicarboxyl ate, XII, (0.0480 
mole, 12.2 g) was added to a solution of potassium hydroxide (0.144 
mole, 8.06 g) in 50 mL of ethanol (95%) and the mixture was refluxed 
for 24 hr. The alkaline solution was acidified with cold diluted 
concentrated hydrochloric acid (1:2) and filtered. The residue was 
washed several times with distilled water and dried first in air and 
finally in a vacuum oven at 110° to give bicyclo[2.2.2]octane-l,4- 
dicarboxylic acid, XIII, (7.52 g, yield 80.1%) m.p. > 280°. IR 
spectrum (KBr) 3200-2950 (broad 0-H); 1687 cm'* (strong C=0). 
l,4-Bicyclo[2.2.2]octanedicarboxyl ic acid, XIII, was converted 
to l,4-bicyclo[2.2.2]octanedicarbonyl chloride, XIV, with thionyl 
chloride. To a thoroughly dried single-necked round bottom flask 
fitted with a reflux condenser with a calcium chloride drying tube 
and containing XIII (0.0505 mole, 10.0 g) was added 60 mL of thionyl 
chloride in the presence of a catalytic amount of N,N-dimethylforma- 
mide, and the mixture was refluxed for 5 hr with stirring. The 
excess thionyl chloride was removed in vacuo, and the residue was 
dissolved in ether and precipitated in hexane to yield crude product 
XIV. The product was purified by sublimation at 40° under reduced 
pressure to give pure XIV (9.08 g), final yield 83%, m.p. 87-89°. 
Synthesis of l,4-dihydroxvbicyclor2.2.21oct-2-ene, XV. 1,4-Dihydroxy- 
bicyclo[2.2.2]oct-2-ene, XV, was prepared by hydrolysis of V. A 
solution of V (0.0223 mole, 5.00 g) in 100 mL of methanol, 5 g 
(0.125 mole) of sodium hydroxide and 8 mL of water was heated 
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at reflux for 3 hr. After cooling, and acidifying with ice-cold 
diluted concentrated hydrochloric acid (1:2), solvent was removed in 
vacuo. The dry residue was refluxed with anhydrous acetone (3 x 70 
mL) for 6 hr and filtered hot. Evaporation of the solvent gave a 
crude product which was sublimed at 85° (1 mm) to give XV (2.50 g, 
yield 80%) m.p. 204-205°. IR spectrum (KBr) 3607-3107 (0-H); 2951 
(C-H); 1605 cm'1 (C=C), NMR spectrum (CD3)2S0, 1.29-1.59 
(M, 8H, - CH2); 4.91 (s, 2H, -OH); 5.94 (s, 2H, HC=C) (relative to 
tetramethylsilane). Elemental analysis: Calcd: C, 68.59; H, 8.63. 
Found: C, 68.60, H, 8.64. 
Synthesis of 1.4-bis(hvdroxvmethvl)bicvclor2.2.21octane. XVI. 1,4- 
Bis(hydroxymethyl)bicyclo[2.2.2]octane, XVI, was prepared by lithium 
aluminum hydride, LAH, reduction of XII.^ A 250 mL three-necked 
round bottom flask equipped with a pressure equalized addition funnel, 
reflux condenser, magnetic stirrer, and containing a nitrogen atmos¬ 
phere was charged with 100 mL of dry ethyl ether and LAH (0.224 mole, 
8.50 g). Diester XII (0.0831 mole, 21.1 g) in 50 mL of dry ethyl 
ether was added dropwise to the reaction flask with stirring for 2 
hr. After spontaneous reflux subsided, the mixture was heated at 
reflux for an additional 8 hr. The reaction was quenched by dropwise 
addition of 10 mL of water, 5 mL of 15% sodium hydroxide solution and 
30 mL of water. The reaction mixture was filtered and the salts were 
extracted with ethyl ether (5 x 25 mL), followed by drying of the 
combined ether washings over anhydrous magnesium sulfate. After 
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filtration and evaporation of solvent, l,4-bis(hydroxymethyl)bicyclo- 
[2.2.2]octane, XVI, (13.4 g, yield 95.2%) m.p. 106-108° (lit63 
m.p. 107-108°) was obtained. 
Preparation of polyester A}, polyroxv(bicvclor2.2.21oct-2-ene-l,4- 
vleneloxvcarbonvl-trans-1,4-cvclohexvlenecarbonyl1. 1,4-Dihydroxy- 
bicyclo[2.2.2]oct-2-ene (0.00625 mole, 0.875 g) and 50 mL of o- 
dichlorobenzene were placed in a thoroughly dried 100 mL three-necked 
round bottom flask fitted with a mechanical stirrer, thermometer, a 
reflux condenser, and an inlet for nitrogen. To this mixture with 
stirring was added quickly trans-1,4-cyclohexanedicarbonyl chloride 
(0.00625 mole, 1.30 g) and the mixture was refluxed for 12 hr. 
After cooling, the reaction mixture was diluted with 25 mL o- 
dichlorobenzene, filtered, precipitated in hexane and allowed to 
stand for 24 hr. After washing three times with deionized water, 
once with methanol, once with acetone and again with deionized water, 
the sample was dried in a vacuum oven for 48 hr at 90° to give 
1.71 g (99.2% yield) of polyester Aj. 
Preparation of polyester A;. polvroxv(bicvclor2.2.21oct-2-ene-1.4- 
vleneloxvcarbonvl-trans-l,4-cvclohexvlenecarbonvl -co-oxv-1,4-methvl - 
enephenvlenemethvleneoxvcarbonvl -trans-1.4-cvclohexvlenecarbonvl1. A 
thoroughly dried 100 mL three-necked round bottom flask equipped with 
a reflux condenser, an inlet for nitrogen, a potassium hydroxide trap, 
a thermometer, and a mechanical stirrer was charged with 1,4-dihydroxy- 
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bicyclo[2.2.2]oct-2-ene (0.00313 mole, 0.438 g) and benzene-1,4-dime¬ 
thanol (0.00200 mole, 0.288 g). To the stirring mixture was added 
trans-1.4-cvclohexanedicarbonyl chloride (0.00522 mole, 1.09 g). The 
mixture was heated at reflux for 12 hr. The mixture was diluted with 
25 mL of o-dichlorobenzene, filtered, and precipitated in hexane with 
stirring. After washing with acetone, deionized water, methanol, 
and several times with deionized water the sample was dried in a 
vacuum oven for 24 hr at 100° to give 1.40 g (97.2% yield) of poly¬ 
ester A2- 
Preparation of polyester A3. polvroxy(bicyc1or2.2.21oct-2-ene-1.4- 
vleneloxvcarbonvl-trans-1.4-cvclohexvlenecarbonvl -co-oxv[trans-1,4- 
methvlenecvclohexvlenemethvleneloxycarbonvl - trans-1,4-cvclohexvl ene- 
carbonvl1. 
A thoroughly dried 100 mL three-necked round bottom flask, equipped 
with a reflux condenser, an inlet for nitrogen, a potassium hydroxide 
trap, a thermometer, and a mechanical stirrer was charged with 1,4- 
dihydroxybicyclo[2.2.2]oct-2-ene (0.00357 mole, 0.500 g) and trans- 
1,4-cyclohexanedimethanol (0.00238 mole, 0.343 g). Trans-1.4-cvclo- 
hexanedicarbonyl chloride (0.00595 mole, 1.24 g) was added to the 
stirring mixture. The mixture was heated at reflux for 12 hr. The 
cooled mixture was diluted with 25 mL of o-dichlorobenzene, filtered, 
and precipitated in hexane with stirring. After washing with acetone 
and deionized water, and drying in a vacuum oven for 24 hr at 
100°, 1.62 g of polyester A3 was obtained (yield 98.2%). 
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Preparation of polyester A/j, polvroxy(bicyclor2.2.21oct-2-ene-l,4- 
vleneloxvcarbonvl-trans-1.4-cyclohexvlenecarbonvl-co-oxv-l,4-methvl- 
enebicvclor2.2.21octy1enemethyleneoxvcarbonv1-trans-1,4-cvclohexvlene- 
carbonvl1. A thoroughly dried 100 mL three-necked round bottom flask 
equipped with a reflux condenser, a mechanical stirrer, a potassium 
hydroxide trap, and a nitrogen inlet tube was charged with 1,4-dihy- 
droxybicyclo[2.2.2]oct-2-ene (0.00352 mole, 0.500 g), 1,4-bicyclo- 
[2.2.2]octanedimethanol (0.00235 mole, 0.399 g), trans-1.4-cvclo- 
hexanedicarbonyl chloride (0.00587 mole, 1.23 g), and 50 mL of o-di- 
chlorobenzene. The mixture was heated at reflux with stirring under 
a nitrogen atmosphere for 12 hr. After cooling to room temperature, 
diluting with 25 mL of o-dichlorobenzene and filtering, the polymer 
was precipitated by pouring the reaction mixture into hexane. The 
precipitate was washed several times with methanol, acetone and deio¬ 
nized water. After drying in a vacuum oven for 12 hr at 100°, 
1.69 g of polymer was obtained (yield 98.9%). 
Preparation of polyester Bj. polvroxv(1.4-bicvclor2.2.21octvleneloxv- 
carbonvl-trans-1.4-cvclohexvlenecarbonvl-co-oxv-1,4-methvlenephenvl- 
enemethvleneoxvcarbonvl-trans-1.4-cvclohexvlenecarbonvl1. A 100 mL 
three-necked round bottom flask equipped with a mechanical stirrer, 
a thermometer, a nitrogen inlet tube, a calcium chloride drying tube, 
and a potassium hydroxide trap was dried with a heat gun under a 
nitrogen atmosphere. Upon cooling to room temperature, the flask 
was charged with the following: 
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(a) 0.400 g (0.00282 mole) of l,4-dihydroxybicyclo[2.2.21- 
octane, 
(b) 0.259 g (0.00188 mole) of 1,4-benzenedimethanol, 
(c) 50 mL of o-dichlorobenzene, and 
(d) 0.977 (0.00470 mole) of trans-1,4-cvclohexanedicarbonyl 
chloride. 
The mixture was heated at reflux for 12 hr under a nitrogen 
atmosphere, cooled to room temperature, diluted with 25 mL of 
o-dichlorobenzene and filtered. The filtrate was precipitated in 
hexane. After washing several times with methanol, deionized water 
and acetone, the precipitate was dried in a vacuum oven for 12 hr at 
100° to give 1.20 g of polyester Bj (yield 92.6%). 
Preparation of polyester Bo. polvroxv(1.4-bicvclor2.2.21octvlenel- 
oxvcarbonvl-trans-1.4-cvclohexvlenecarbonvl -co-oxvftrans-1.4-methyl - 
enecvclohexvlenemethvleneloxycarbonvl-trans-1.4-cvclohexvlenecarbonvl 1. 
A 100 mL three-necked round bottom flask equipped as above was 
charged with the following: 
(a) 0.400 g (0.00282 mole) of l,4-dihydroxybicyclo[2.2.21- 
octane, 
(b) 0.270 g (0.00188 mole) of trans-1.4-cvclohexanedimethanol. 
(c) 50 mL of o-dichlorobenzene, and 
(d) 0.977 g (0.00470 mole) of trans-1.4-cvclohexanedicarbonvl 
chloride. 
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The reaction mixture was refluxed for 24 hr under a nitrogen 
atmosphere. The cooled mixture was diluted with 25 mL of o-dichloro- 
benzene and precipitated in hexane. The precipitate was washed with 
acetone, methanol and finally with deionized water, followed by 
drying in a vacuum oven for 24 hr at 110° to give polyester B2 
(1.29 g) in 98.4% yield. 
Preparation of polyester B3, polvroxvn.4-bicvclor2.2.21octvleneloxy- 
carbonvl-trans-1.4-cvclohexvlenecarbonvl -co-oxv-1.4-methvlenebicvclo- 
r2.2.21octvlenemethv1eneoxvcarbonv1-trans-1,4-cvclohexvlenecarbonyl1. 
In a thoroughly-dried 100 mL three-necked round bottom flask equipped 
with a reflux condenser, a mechanical stirrer, a potassium hydroxide 
trap, and a nitrogen inlet tube were combined 1,4-dihydroxybicyclo- 
[2.2.2] octane (0.00352 mole, 0.500 g), l,4-bis(hydroxymethyl)bicyclo- 
[2.2.2] octane, (0.00235 mole, 0.399 g), trans-1,4-cyclohexanedicar¬ 
bonyl chloride (0.00587 mole, 1.23 g) and 50 mL of o-dichlorobenzene. 
The mixture was heated at reflux with stirring under a nitrogen atmos¬ 
phere for 12 hr. After cooling to room temperature, diluting with 25 
mL of o-dichlorobenzene and filtering, the polymer was precipitated 
by pouring the reaction mixture into hexane. After the precipitate 
was washed several times with methanol, acetone and deionized water, 
followed by drying in a vacuum oven for 12 hr at 120°, 1.69 g of 
polymer was obtained (yield 98.9%). 
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Preparation of polyester Cj. polyroxv(bicvclor2.2.21oct-2-ene-l,4- 
vleneloxvcarbonyl-l,4-bicvclor2.2.21octvlenecarbonvl1. A 100 mL 
round bottom flask equipped with a mechanical stirrer, a thermometer, 
a nitrogen inlet tube, a calcium chloride drying tube, and a potassium 
hydroxide trap was flamed with a Bunsen burner and simultaneously 
flushed with nitrogen. After the reaction vessel had cooled to room 
temperature, l,4-dihydroxybicyclo[2.2.2]oct-2-ene (0.00357 mole, 
0.500 g), 1,4-bicyclo[2.2.2]octanedicarbonyl chloride (0.00357 mole, 
0.835 g), and 50 mL o-dichlorobenzene were added while maintaining a 
positive pressure. The mixture was heated at reflux for 12 hr with 
stirring. After cooling to room temperature, the mixture was di¬ 
luted with 25 mL o-dichlorobenzene, filtered, and precipitated in 
hexane. The precipitate was washed with acetone, deionized water, 
methanol and finally with deionized water, followed by drying in a 
vacuum oven for 24 hr at 100°, to give the polyester Cj (1.06 g) in 
98.5% yield. 
Preparation of polyester 03. Polvroxvfbicvclor2.2.21oct-2-ene-1.4- 
vleneloxvcarbonvl-1.4-bicvclor2.2.21octvlenecarbonvl -co-oxvftrans- 
1.4-methvleneclohexvlenemethvleneloxvcarbonvl-1.4-bicvcloT2.2.21octvl- 
enecarbonvl1. A 100 mL round bottom flask equipped as above was 
charged with l,4-dihydroxybicyclo[2.2.2]oct-2-ene (0.00286 mole, 
0.400 g), trans-1,4-cyclohexanedimethanol (0.00190 mole, 0.274 g) 
and 50 mL of o-dichlorobenzene. To the stirred solution in a 
nitrogen atmosphere was added l,4-bicyclo[2.2.2]octane-dicarbonyl 
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chloride (0.00476 mole, 1.11 g) and the mixture was heated at reflux 
for 12 hr. After cooling to room temperature, the mixture was 
diluted with 30 ml. o-dichlorobenzene, filtered, and precipitated in 
hexane. The precipitate was washed with methanol, deionized water 
and finally with acetone followed by drying in a vacuum oven for 24 
hr at 110°, to give polyester C£ (1.56 g) in 96.4% yield. 
Preparation of polyester C3. Dolvroxvn.4-bicvclor2.2.21oct-2-ene- 
1.4- vlene)oxvcarbonvl-1.4-bicvclor2.2.21octvlenecarbonvl -co-oxv-1,4- 
methvlenephenvlenemethvleneoxvcarbonvl -l,4-bicvclor2.2.21octylenecar- 
bonvl1. A thoroughly-dried 100 mL three-necked round bottom flask 
equipped with a reflux condenser, a nitrogen inlet tube, a mechanical 
stirrer, a thermometer, and a potassium hydroxide trap was charged 
with l,4-dihydroxybicyclo[2.2.2]oct-2-ene (0.00286 mole, 0.400 g) and 
1.4- benzenedimethanol (0.00190 mole, 0.263 g). To the stirred solu¬ 
tion in a nitrogen atmosphere was added quickly 1,4-bicyclo[2.2.2]- 
octanedicarbonyl chloride (0.00476 mole, 1.11 g), and the mixture was 
heated at reflux for 12 hr. The cooled mixture was diluted with 
o-dichlorobenzene, filtered, and precipitated in hexane. After 
washing with deionized water, methanol, and finally deionized water, 
the precipitate was dried in a vacuum oven for 14 hr at 100° to give 
1.34 g of polyester C3 (93.1% yield). 
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Preparation of polyester C>|. Polyroxv(bicvclor2.2.21oct-2-ene-l,4- 
vleneloxvcarbonvl-1.4-bicvclor2.2.21octv1enecarbonvl -co-oxy-1,4- 
methvl enebi cyclop. 2.21 octyl enemethyleneoxvcarbonvl -1,4-bicvclo- 
r2.2.21octvlenecarbonvl1. A 100 mL three-necked round bottom flask 
equipped as above was charged with the following: 
(a) 0.250 g (0.00147 mole) of 1,4-bis(hydroxymethylJbicyclo- 
[2.2.2]octane, 
(b) 0.309 g (0.00221 mole) of l,4-dihydroxybicyclo[2.2.2]oct- 
2-ene, 
(c) 50 mL of o-dichlorobenzene, and 
(d) 0.860 g (0.00368 mole) of l,4-bicyclo[2.2.2]octanedicar- 
bonyl chloride. 
After refluxing under a nitrogen atmosphere for 12 hr, the 
cooled mixture was diluted with 25 mL o-dichlorobenzene, filtered, 
and precipitated in hexane. The precipitate was washed in methanol, 
deionized water and acetone, followed by drying in a vacuum oven for 
12 hr at 120°. Polyester C4 (1.14 g) was obtained in 98.5% yield. 
Preparation of polyester Dj. polvroxvn.4-bicvclor2.2.21octvlenel- 
oxvcarbonvl - 1,4-bi cyclop. 2.21 octyl enecarbonvl -co-oxv-1.4-methvlene- 
phenvlenemethvleneoxvcarbonvl -1.4-bicvclor2.2.21octvlenecarbonvl1. 
In a thoroughly-dried 100 mL three-necked round bottom flask 
equipped with a reflux condenser, a mechanical stirrer, a potassium 
hydroxide trap, and a nitrogen inlet tube were combined 1,4-dihydroxy- 
bicyclo[2.2.2]octane (0.00304 mole, 0.432 g), 1,4-benzenedimethanol 
(0.00203 mole, 0.280 g), 1,4-bicyclo[2.2.2]octanedicarbonyl chlo- 
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ride (0.00507 mole, 1.19 g) and 50 mL of o-dichlorobenzene. The 
mixture was refluxed for 24 hr in a nitrogen atmosphere. After 
cooling to room temperature, diluting with 25 mL of o-dichloroben¬ 
zene and filtering, the polymer was precipitated by pouring the 
reaction mixture into hexane. The precipitate was washed several 
times with acetone, deionized water and methanol, followed by drying 
in a vacuum oven for 24 hr at 100°. Polyester Dj (1.42 g) was 
obtained (92.8% yield). 
Preparation of polyester polvroxv(1.4-bicvclor2.2.21octvlene)- 
oxvcarbonvl-1.4-bicvclor2.2.21octv1enecarbonvl-co-oxvftrans-l,4- 
methvlenecvclohexvlenemethvleneloxvcarbonvl -1.4-bicvclof 2.2.21 octyl - 
enecarbonvl1. To a thoroughly-dried 100 mL flask equipped as above 
was added the following: 
(a) 0.451 g (0.00318 mole) of l,4-dihydroxybicyclo[2.2.2]octane, 
(b) 0.305 g (0.00212 mole) trans-1,4-cvclohexanedimethanol, 
(c) 50 mL of o-dichlorobenzene, and 
(d) 1.24 g (0.00530 mole) l,4-bicyclo[2.2.2]octanedicarbonyl 
chloride. 
The mixture was refluxed for 24 hr under a nitrogen atmosphere. 
After cooling to room temperature, diluting with 25 mL of o-dichloro¬ 
benzene and filtering, the polymer was precipitated by pouring the 
reaction mixture into hexane. The precipitate was washed several 
times with acetone, methanol and deionized water, followed by drying 
in a vacuum oven for 14 hr at 100° to give polyester D2 (1.61 g) in 
98.7% yield. 
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Preparation of polyester P3. polvroxvn.4-bicyc1or2.2.21octylene)- 
oxvcarbonvl-1.4-bicvc1or2.2.21octvlenecarbonvl -co-oxv-1,4-methvlene- 
bi cvclo f 2.2.21octvlenemethvleneoxvcarbonvl-1.4-bicvclo\1.2.21octvl- 
enecarbonvl 1. A 100 ml. round bottom flask equipped with a ther¬ 
mometer, a nitrogen inlet tube, a mechanical stirrer, a calcium 
chloride drying tube, and a potassium hydroxide trap was flamed with 
a Bunsen burner and simultaneously flushed with nitrogen. After the 
flask had cooled to room temperature, it was charged with 1,4-dihydro- 
xybicyclo[2.2.2]octane (0.00211 mole, 0.300 g), l,4-bicyclo[2.2.2]- 
octanedicarbonyl chloride (0.00141 mole, 0.239 g), and 50 mL of o- 
dichlorobenzene while maintaining a positive pressure. The mixture 
was heated at reflux for 12 hr with stirring. After cooling to room 
temperature, the mixture was diluted with 25 mL of o-dichlorobenzene, 
filtered and precipitated in hexane. After the precipitate was re¬ 
covered by filtration, and washed with acetone, methanol and deionized 
water, it was dried in a vacuum oven for 12 hr at 100° to give poly¬ 
ester D3 (1.10 g) in 99.1% yield. 
Preparation of polyester Ej. Polvroxvfbicvclor2.2.21oct-2-ene-l.4- 
vleneloxvterephthalovl1. A 100 mL three-necked round bottom flask 
equipped with a thermometer, a mechanical stirrer, a nitrogen inlet 
tube, a calcium chloride drying tube, and a potassium hydroxide trap 
was dried with a heat gun while under a nitrogen atmosphere. Upon 
cooling to room temperature, the flask was charged with the 
following: 
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(a) 0.500 g (0.00357 mole) of 1,4-dihydroxybicyclo[2.2.2]oct- 
2-ene, 
(b) 0.725 g (0.00357 mole) of terephthaloyl chloride, and 
(c) 50 mL of o-dichlorobenzene. 
After heating at reflux for 12 hr under a nitrogen atmosphere 
and cooling to room temperature, the reaction mixture was diluted 
with 25 mL o-dichlorobenzene and filtered. The filtrate was pre¬ 
cipitated in hexane, washed with methanol, deionized water and 
acetone, followed by drying in a vacuum oven for 12 hr at 100°. 
Polyester Ej (0.966 g) was obtained in 99.8% yield. 
Preparation of polyester Eg. Dolvroxv(bicvc1or2.2.21oct-2-ene-1.4- 
vleneloxvterephthalovl-co-oxv-1.4-methvlenebicvclor2.2.21octvlene 
methvleneoxvterephthalovl1. A 100 mL three-necked round bottom flask 
equipped as above was charged with the following: 
(a) 0.350 g (0.00250 mole) of l,4-dihydroxybicyclo[2.2.2]oct-2- 
ene, 
(b) 0.283 g (0.00167 mole) of l,4-bis(hydroxymethyl)bicyclo- 
[2.2.2]octane, 
(c) 0.843 g (0.00417 mole) of terephthaloyl chloride, and 
(d) 50 mL of o-dichlorobenzene. 
After refluxing under a nitrogen atmosphere for 12 hr, 1.16 g 
of polyester E2 (98.3% yield) was obtained by diluting the reaction 
mixture with 25 mL of o-dichlorobenzene, filtering and precipitating 
the filterate in hexane, washing in methanol and acetone, followed 
by drying in a vacuum oven for 12 hr at 100°. 
RESULTS AND DISCUSSION 
Monomers 
The synthetic routes leading to bicyclo[2.2.2]octane-l,4-diol, 
VII, and bicyclo[2.2.2]oct-2-ene-l,4-diol, XV,^ are outlined in 
Scheme 1. The infrared, and *H and 13C NMR spectra of XV are 
presented in Figures 3, 4, and 5, respectively. The infrared spec¬ 
trum shows absorptions at 3607-3107 (OH); 2951 (C-H); and 1605 
cm"1 (C=C). The NMR spectrum shows chemical shifts at 1.29- 
1.59 (m, 8H-CH2); 4.91 (s, 2H-0H) and 5.94 ppm (s, 2H, HC-C). The 
13C NMR spectrum shows chemical shifts at 34.2 (CH2); 70.6 
(C-0); and 136.3 ppm (C=C). 
The synthetic routes leading to l,4-bicyclo[2.2.2]octane-dicar- 
bonyl chloride, XIV, and 1,4-bis(hydroxymethyl)bicyclo[2.2.2]octane, 
XVI, are outlined in Scheme 2. 
Polymers 
The synthetic route leading to the homopolyesters and copoly¬ 
esters are outlined in Schemes 3 and 4, respectively. The syntheses 
of the polyesters were designed to liberate HCl(g). The greater re¬ 
activity of acid chlorides encouraged the use of acid chlorides 
rather than acids. The liberation of HCl(g) shifts the équilibra 
of the reactions towards products. Thus high molecular weight pro¬ 
ducts were obtained. 
The yield percentages of the polymers were based on the total 
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Figure 4. NMR spectrum of bicyclo[2.2.2]oct-2-ene-l,4-diol. 
Figure 5. NMR spectrum of biyclo[2.2.2]oct-2-ene-l,4-diol. 
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Scheme 1. Synthetic routes to VII and XV 
VI 
N*OHCHpH; 





















Scheme 4. Synthetic route to copolyesters 
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The polyesters were characterized by solubility, solution 
viscosity, and spectroscopic techniques (infrared, proton and carbon- 
13 NMR spectroscopy). Thermal analysis data were obtained by differ¬ 
ential scanning calorimetry (DSC), thermogravimetric analysis (TGA), 
and optical polarizing microscopy. 
Homopolvesters 
Routine Characterization 
The solubility properties and inherent viscosities of the 
homopolyesters are presented in Table 1. Hompolyester Ej is least 
soluble due to the presence of the rigid 1,4-phenylene unit. 
The infrared spectra of the homopolyesters Aj, Cj, and 
are presented in Figures 6, 7, and 8, respectively. The infrared 
absorption assignments and elemental analysis data are presented in 
Table 2. 
Thermal Characterization 
Thermogravimetric analysis thermogram of homopolyester Aj in 
air (Figure 9) shows thermal stability up to 373° with ca. 33% 
weight loss at 390°. The TGA thermogram of homopolyester Cj (Figure 
10) shows thermal stability up to 396° with about 17% weight loss at 
409°. Homopolyester Ej is stable in air up to 399° with 21% 
weight loss at 422° (Figure 11). The theoretical weight losses due 
Table 1. Inherent Viscosity3 Measurements and Solubility Data of the Homopolyesters 
Homopolyester V} nh TFA CCI 4 Ethyl THF Dioxane TCB CHCI3 m-Cresol DMSO o-CP 
g/dL acetate 
Aj 0.68 ++ -- -- -- -- -- -- swell - - swell 
Cj 0.71 ++ -- -- -- -- -- -- swell - - swell 
Ej -- +- - - - - - - .. - - swell - - swell 
a, viscosities measured in trifluoroacetic acid 
TFA = trifluoroacetic acid 
THF = tetrahydrofuran 
TCB = 1,3,5-trichlorobenzene 
DMSO = dimethyl sulfoxide 
o-CP = o-chlorophenol 
++ = soluble 
+- = partially soluble 
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Figure 8. Infrared spectrum of homopolyester Ej 
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Table 2. Infrared Absorption3 Assignments and Elemental Analysis Data for Homopolyesters 
HomoDolvester Functionalities Elemental Analysis 






Al -- 2860 1730 1260 1615 67.47 7.39 69.53 7.31 
C] -- 
II II II 1610 69.70 7.20 71.49 7.35 
El 860 fl 1732 1265 It 70.61 5.53 71.09 5.23 
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Figure 11. TGA thermogram of homopolyester Ej. 
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to liberation of carbon dioxide for homopolyesters Aj, Cj, and Ej 
are 29, 31, and 32%, respectively. 
Homopolyester Aj exhibits a glass transition temperature at 
140° and a softening transition temperature at 213° under a nitro¬ 
gen atmosphere (Figure 12). In air, homopolyester Aj exhibits a 
glass transition temperature at 133° and a softening transition 
temperature at 210° (Figure 13). Hot stage polarizing optical 
microscopy showed no melting transition for homopolyester Aj. 
Homopolyester Cj did not show a DSC transition in air or 
nitrogen atmospheres. Hot stage polarizing optical microscopy 
indicated no melting transition below the temperature limit of 
340°. The high thermal stability of homopolyester Cj is due to 
the approximate ladder structure of the polymer, similar results 
were observed by Taimir and Smith.^ 
Homopolyester Ej showed a softening transition temperature at 
190°, a broad solid to liquid crystalline transition at 234°, and 
a decomposition endotherm at 360° (Figure 14). In air, the softening 
temperature is 190°, and a solid to liquid crystalline transition 
occurs at 275° (Figure 15). Hot stage polarizing optical microscopy 
indicated a solid to liquid crystalline transition onset at 245° 
with brilliant red, blue, and green stripes. Figure 16 shows the opti¬ 
cal micrographs obtained at 256 and 280°. The nematic schlieren tex¬ 
ture (with disciinations) observed at 296° is illustrated in Figure 
17. The brilliant red, blue, and green biréfringent homopolyester 




















































Figure 15. DSC thermogram of homopolyester Ej in air 
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Figure 16. Optical micrograph of homopolyester Ej at two different 
temperatures. 
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Figure 17. Optical micrograph of homopolyester Ei at 296c 
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NMR Characterization 
The JH NMR spectrum of homopolyester Ej in deuterated tri- 
fluoroacetic acid is presented in Figure 18. The olefinic protons of 
the bicyclo[2.2.2]oct-2-ene ring appear both as a singlet at 
Ô 6.64 ppm and as a double doublet centered at Ô 6.45 ppm. The 
2-D COSY spectrum of homopolyester Ej is presented in Figure 19. 
In COSY experiments, the first 90° pulse causes each proton to 
precess at its initial frequency during tj. The second 90° pulse 
(mixing pulse), causes magnetization exchange between protons which 
are J-coupled to each other, and the final frequency is detected. 
Those spins that do not exchange have a final frequency that is 
equal to the initial frequency. Hence, the COSY spectrum contains 
the normal spectrum along the diagonal given byco^cOj. Those 
spins that do exchange due to J-coupling give rise to pairs of cross 
peaks or off-diagonal peaks connecting coupled protons. Hence, the 
COSY spectrum is a map of the complete homonuclear coupling network. 
For homopolyester Ej the 2-D COSY spectrum (Figure 19) indicates 
that the doublet appearing at 6 6.55 ppm is coupled to 6 6.34 ppm. 
This suggests the presence of two sets of olefinic protons, one set 
being equivalent (S,06.64 ppm), and the other being nonequivalent 
(double doublet, centered at Ô 6.45 ppm), the ratio being 4:1. 
The 2-D NOESY spectrum is shown in Figure 20. Unlike scalar 
coupling, the NOESY spectrum depends on direct, through-space dipole- 
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Figure 20. 2-D NOESY spectrum of homopolyester Ej. 
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pulse allows for dipolar-coupled protons to exchange noncoherent 
magnetization. Following the third 90° pulse the free induction 
decay is acquired in the detection time Ï2- In the final 2-D NOESY 
spectrum, cross peaks identify those protons which are close enough 
in space to experience measurable dipole-dipole interaction. For 
homopolyester Ej, 2-D NOESY spectrum indicates that the aromatic 
protons appearing at 6 8.25 ppm are dipolar coupled to the olefinic 
protons atÔ6.64 ppm. The weak intensity of the cross peaks (arrowed) 
is a function of the inverse sixth power of the internuclear sépara- 
•v 
tion, which becomes negligible beyond 4 A.DH 
A possible explanation for the presence of double doublet peaks 
(Figure 18) is the creation of nonequivalent chemical environment 
due to a conformation where the the carbonyl groups are oriented in 
opposite directions. Thus, the olefinic protons experience non¬ 
equivalent interactions with the 7T clouds of the carbonyl systems. 
Another possible explanation is the ring current effect resulting 
from the aromatic ring. 
The similarity of the 2-D COSY spectrum (Figure 19) to the 2-D 
NOESY spectrum (Figure 20) is due to the strong J-coupling which exists 
between the protons appearing at 6 6.55 and 6.34 ppm. This pattern 
of behavior is common but not universal.53 The methylene protons of 
homopolyester Ej appear between Ô 1.87 and 2.33 ppm. The NMR 
spectrum of homopolyester Ej in deuterochloroform is similar to the 
NMR spectrum in deuterotrifluoroacetic acid, except the protons 
absorb at higher field. This is due to the difference in polarity 
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of the solvents, and indicative of the fact that the intramolecular 
interaction (described earlier) is not solvent dependent. 
The results of proton spin-lattice relaxation time (Tj) 
measurements of the homopolyesters are presented in Table 3. The 
proton Tj values for the olefinic protons of the homopolyester Ej 
appearing as a singlet and double doublet are similar, 1.21 and 1.26 
sec, respectively. The aromatic protons relax slower ( 1.36 sec) 
than the olefinic protons. The peaks appearing at Ô 11.5 and 4.09 ppm 
are due to the solvent, trifluoroacetic acid. 
The NMR of homopolyester Cj is presented in Figure 21. 
The olefinic protons and methylene protons (of the saturated and 
unsaturated bicyclic rings) appear as singlets at Ô 6.33 and 2.00 
ppm, respectively. The peaks appearing at 6 11.5 and 4.09 ppm are due 
to the solvent, trifluoroacetic acid. 
The NMR spectrum of homopolyester Aj (Figure 22) indicates 
a singlet for the olefinic protons at Ô 6.25 ppm. The methine and 
methylene regions (1.20 to 2.80 ppm) contain complex signals. Two- 
dimensional shift correlated spectroscopy (2-D COSY) (Figure 23) was 
employed in the complete assignment of these protons. The methylene 
protons of bicyclo[2.2.2]oct-2-ene (devoid of any cross peaks) appear 
at 6 2.08 ppm. The methine protons appearing at0 2.51 ppm are strongly 
coupled to the axial protons of the cyclohexane ring appearing at 5 
1.60 ppm (Figure 23). This is in turn coupled to the equatorial 
protons appearing at 6 2.23 ppm. The *H NMR spectrum of homopoly- 
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Jable 3. Proton Spin-lattice Relaxation Time (Ti) Measurements of 
Homopolyesters 
Homopofvestef Ping systems 
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Figure 22. NMR spectrum of homopolyester Aj. 
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Figure 23. 2-D COSY spectrum of homopolyester Aj. 
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ester Aj (Figure 22) is the same for all temperatures from 25° to 
60°, indicating that the population difference between the axial and 
equatorial protons does not change, at least over the range of 
temperature studied. 
Results of proton spin-lattice relaxation studies of homo¬ 
polyester Aj (Table 3) indicate that the methylene protons of 
the bicyclo[2.2.2]oct-2-ene ring relax ca. twice as fast (R = l/Tj, 
where R is the rate of relaxation) as the methylene protons of the 
cyclohexane ring. The peaks appearing at 511.5 and 4.09 ppm are due 
to the solvent, trifluoroacetic acid. 
The 13C NMR spectrum of homopolyester Ej (Figure 24) 
indicates chemical shifts at Ô 28.3 (CH2); 81.2 (C-0); 128.9 (C-2 
of benzene ring); 130.4 (C=C); 130.9 (C-l of benzene ring); and 
167.2 ppm (C=0). 
For homopolyester Aj the methylene carbons of the cyclohexane 
ring appear at 6 26.5 ppm, and the methylene carbons of the bicyclic 
ring appear at 6 28.2 ppm. The methine carbon appears at 6 42.7 ppm, 
and the C-0 carbon chemical shift appears at 6 80.3 ppm. The dé¬ 
finie carbon and carbonyl carbons show chemical shifts at 6 130.4 
and 178.5 ppm, respectively (Figure 25). 
In Figure 26 is shown the i3C NMR of homopolyester Cj. The 
chemical shifts of the methylene carbons of the bicyclo[2.2.2]octane 
and bicyclo[2.2.2]oct-2-ene rings appear at 6 26.2 and 28.1 ppm, 
respectively. The carbon bonded to the carbonyl group shows a chemi¬ 
cal shift at 6 38.3 ppm, and the carbon bonded to the oxygen in 
O 
Figure 25. NMR spectrum of homopolyester Aj. 
r—,■ • ■ ■    ■ ■ -T"--’ r-   —-—i       • 
200 160 160 140 120 100 80 60 40 20 
PPM 
Figure 26. 13C NMR spectrum of homopolyester Cj. 
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bicyclo[2.2.2]-oct-2-ene shows a chemical shift at 5 80.1 ppm. The 
olefinic and carbonyl carbons appear at Ô 130.4 and 180.0 ppm, respec¬ 
tively. 
The "ball and stick", and space filling molecular models of 
homopolyester Ej are presented in Figures 27 and 28, respectively. 
As expected, molecular models indicate that the carbon-carbon double 
bond is shorter than the double bond in ethylene. 
Copolvesters Based on the Bicvclor2.2.21oct-2-ene Ring System, Series A, 
C, and E Copolvesters 
Routine Characterization 
The solubility properties and inherent viscosities of series B 
polyesters are presented in Table 4. The solubility properties of 
the copolyesters are similar. Copolyester E2 exhibits solubility 
properties similar to the all aliphatic copolyesters, due to the 
presence of the methylene units which serve to decouple molecular 
motions. 
The infrared spectra absorption assignments and elemental 
analysis data are presented in Table 5. 
Thermal Characterization 
Copolyester A2 exhibits a glass transition temperature at 
133°, a softening transition at 164° and a solid to liquid crystal¬ 
line endotherm at 194° under a nitrogen atmosphere (Figure 29). The 
Figure 27. "Ball and Stick" molecular model of homopolyester Ej. 
Figure 28. Space filling molecular model of homopolyester Ej. 
Table 4. Inherent Viscosity3 and Solubility Data of Series A, C, and E Copolyesters 
Ethyl 
Copolyester g/dL CCI 4 acetate THF Dioxane TCB m-Cresol DMSO o-CP CHCI3 
A 2 0.62  - - swell ++ - - ++ - - 
a3 0.59  " ++ swell ++ - - 
A4 0.57  " ++ 11 ++ - - 
c2 
0.63  " ++ II ++ - - 
C3 
0.70  " ++ - - ++ - - 
C4 0.60  " ++ swell ++ - - 
E2 
0.69  - - " ++ II ++ - - 
a, viscosities measured in m-cresol 
THF = tetrahydrofuran 
TCB = 1,3,5-trichlorobenzene 
DMSO = dimethyl sulfoxide 
o-CP = o-chlorophenol 
++ = soluble 
- - = insoluble 
Table 5. Infrared Absorption Assignments and Elemental Analysis Data for Series A, 
C, and E Copolyesters 












a2 860 2860,1462 1732 1266 1600 68.28 6.96 69.74 7.04 
a3 -- 2860,1462 1730 II 1616 68.30 7.57 69.13 7.85 
A4 -- 2865,2930 
II 1263 1610 69.19 7.65 69.96 7.84 
C2 -- 
II 1732 1260 II 68.66 8.00 71.11 7.84 
C3 860 , 
II 1730 II II 70.42 7.07 70.75 7.19 
C4 -- 
II II 1265 II 69.95 7.41 72.18 7.36 
E2 860 
II II 1260 II 69.92 6.02 71.46 5.86 








Figure 29. DSC thermogram of copolyester 
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DSC thermogram of copolyester A3 shows a glass transition temperature 
at 145°, a softening transition at 165°, and a solid to liquid 
crystalline transition at 193° (Figure 30). Copolyester A4 exhibits 
a liquid crystalline transition temperature at 260°, and an endotherm 
due to softening at 185° (Figure 31). The DSC thermogram of copoly¬ 
esters C£, C3, C4 are presented in Figures 32, 33, and 34, respec¬ 
tively. Copolyester C4 shows a glass transition temperature at 
165°. Copolyester C2 shows a glass transition temperature and a 
solid to liquid crystalline transition at 190, and 270°, respec¬ 
tively. Copolyester C3 exhibits a glass transition temperature at 
168°. No solid to liquid crystalline transition was observed. 
Copolyester E2 exhibits a very broad endothermic peak associated 
with the solid to isotropic liquid transition which is centered at 
210° (Figure 35). 
Hot stage polarizing microscopy of copolyester A2 showed soften¬ 
ing at 152°, and a biréfringent fluid phase at 222° (Figure 36). 
The decomposition of copolyester A2 was observed at 295®. Copoly¬ 
ester A3 softened at 195®, and formed a biréfringent fluid at 240° 
(Figure 37). The decomposition of copolyester A3 was observed at 
316°. Copolyester A4 softens at 225°, and goes into a brillantly 
colored biréfringent fluid phase at 257° (Figure 38). Copolyester 
A4 began to decompose at 321°. The decomposition temperatures of 
copolyesters C2 and C3 were observed at 318° and 297°, respective¬ 












Figure 31. DSC thermogram of copolyester A4 
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Figure 32. DSC thermogram of copolyester C2 
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Figure 34. DSC thermogram of copolyester C4. 
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Figure 35 DSC thermogram of copolyester E2 
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Figure 36. Optical micrograph of copolyester at 250°. 
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Figure 37. Optical micrograph of copolyester A3 at 246°. 
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Figure 38. Optical micrograph of copolyester A4 at 268°. 
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NMR Characterization 
The *H NMR spectrum of copolyester A3 is presented in Figure 
39. The olefinic and oxymethylene protons appear at Ô 6.20 ppm, and 
3.85 ppm, respectively. The 2-D COSY spectrum (Figure 40) and the 
Tj data (Table 6) enabled the complete assignment of proton chemical 
shifts. The methylene protons at Ô 1-87 ppm are devoid of coupling 
and are assigned to the bicyclo[2.2.2]-oct-2-ene ring. The protons 
with a chemical shift atôl.59 ppm are coupled to the protons centered 
at Ô 3.87 ppm and to protons at Ô 1.01 and 1.80 ppm. Therefore, the 
methine protons of the methylenecyclohexylenemethylene unit are 
assigned at Ô 1.59 ppm, and the axial and equatorial protons at 8 
1.01 and 1.80 ppm, respectively. The methine protons ( Ô 2.26 
ppm) of the carbonylcylohexylenecarbonyl unit are coupled to the 
axial and equatorial protons of the cyclohexane ring at 8 1.42 and 
2.01 ppm, respectively. The proton spin-lattice relaxation time 
(Tj) stack plot at room temperature is presented in Figure 41. The 
peaks appearing at 8 7.73, 5.40, and 2.58 ppm are due to the solvent, 
unisol. 
The *FI NMR spectrum of copolyester A2 is presented in Figure 
42. The methylene proton chemical shifts were assigned by comparison 
to copolyester A3. The chemical shift at 8 7.32 ppm is due to the 
aromatic ring. The olefinic protons show a chemical shift at 8 6.20 
ppm, and the methylene protons of the methylenephenylenemethylene sys¬ 
tem appear at 5 5.08 ppm. The methylene protons of the bicyclo[2.2.2]- 
oct-2-ene ring exhibit a sharp peak at Ô 1.87 ppm. The methine, axial, 
Figure 39. NMR spectrum of copolyester A3. 
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Figure 40. 2-D COSY spectrum of copolyester A3. 
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Table 6. Proton Spin-lattice Relaxation Time (Tj) of Copolyester A3 
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Figure 41. Proton spin-lattice relaxation time (Tj) stack plot of 
copolyester A3 at room temperature. 
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and equatorial protons of the cyclohexane ring exhibit chemical 
shifts at Ô 2.27, 1.45, and 2.04 ppm, respectively. The peaks ap¬ 
pearing at Ô 7.73, 5.40, 3.34, and 2.58 ppm are due to solvent, 
uni sol. 
The methylene protons of the bicyclo[2.2.2]oct-2-ene ring of 
copolyester A4 exhibit a chemical shift at Ô 1.87 ppm. The 
methine, axial, and equatorial protons of the cyclohexane ring exhibit 
chemical shifts at S 2.25, 1.37, and 2.05 ppm, respectively. The 
methylene proton chemical shifts of the saturated bicyclic ring over¬ 
lap with the axial methylene protons of the cylcohexane unit (Figure 
43). The peaks appearing at Ô 7.73, 5.40, and 2.58 ppm are due to 
the solvent, unisol. 
The *H NMR spectrum of copolyester C2 is illustrated in 
Figure 44. The olefinic protons of the bicyclo[2.2.2]oct-2-ene ring 
appeared at Ô 6.17 ppm. The methylene protons of the methylenecyclo- 
hexylenemethylene system appeared as a doublet centered at 6 3.85 ppm. 
The methine protons of the cyclohexane ring appeared at 6 1.85 ppm. 
The methylene protons of the bicyclic rings show a sharp peak at 
Ô 1.79 ppm, and the axial and equatorial methylene protons of the 
cyclohexane ring exhibit chemical shifts of 6 1.01 and 1.62 ppm, 
respectively. The peaks appearing at 6 7.73, 5.40, and 2.58 ppm are 
due to the solvent, unisol. 
The aromatic protons of copolyester C3 show a chemical shift of 
6 7.29 ppm. The olefinic protons of the bicyclic ring, and the 
methylene protons of the methylenephenylenemethylene system exhibit 
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Figure 44. NMR spectrum of copolyester C2. 
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Chemical shifts of Ô 6.18 and 5.07 ppm, respectively. The methylene 
protons of the bicyclic ring moiety exhibit a chemical shift at Ô 1.82 
ppm (Figure 45). The peaks appearing at Ô 7.73, 5.40, 3.34, and 2.58 
ppm are due to the solvent, unisol. 
The NMR spectrum of copolyester C4 is illustrated in 
Figure 46. The olefinic protons and the methylene protons of the 
methylenebicyclo[2.2.2]octanemethylene system show chemical shifts 
of 6 6.17 and 3.67 ppm, respectively. The methylene protons of the 
bicyclic rings exhibit three individual sharp peaks in the Ô 1.43 to 
1.85 ppm region. The peaks appearing at Ô 7.73, 5.40, 3.34, and 2.58 
ppm are due to the solvent, unisol. 
The NMR spectrum of copolyester E2 is presented in Figure 
47. The peak at Ô 8.11 ppm is due to the aromatic protons. The ole¬ 
finic protons show a singlet peak at 6 6.48 ppm and double doublet 
centered at Ô 6.32 ppm, similar to that of homopolyester Ej. The 
methylene protons of the methylenebicyclo[2.2.2]octanemethylene unit 
exhibit a doublet chemical shift centered at Ô 4.00 ppm. The sharp 
singlet at 6 1.62 ppm is due to the methylene protons of the satu¬ 
rated bicyclic unit and the chemical shifts in the region of Ô 1.70 
to 2.20 ppm are due to the methylene protons of the unsaturated 
bicyclic ring system. The peaks in the chemical shift region of Ô 7.20 
to 7.81 ppm are due to the olefinic protons. The sharp singlet peak 
is due to the protons being in an equivalent environment. The peaks 
centered at Ô7.40 ppm are due to the protons being in a nonequivalent 
environment. 
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Figure 45. NMR spectrum of copolyester C3. 
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Figure 46. *H NMR spectrum of copolyester C4. 








Figure 47. NMR spectrum of copolyester E2. 
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The proton decoupled 13C NMR spectrum of copolyester is 
shown in Figure 48. The chemical shifts were assigned by comparison 
to the homopolyesters. The carbonyl region shows two chemical shifts. 
The peak at Ô 178.4 ppm is assigned to the ester carbonyl between the 
bicyclic ring and the cyclohexylene ring, and the peak at Ô 179.3 ppm 
is due to the ester carbonyl between the cyclohexylene ring and 
the methylenephenylene system. The aromatic carbons a and P to the 
methylene groups exhibit chemical shifts of Ô 134.7 and 127.3 ppm, 
respectively. The olefinic carbons show a chemical shift of Ô 130.6 
ppm. The methylene carbons of the bicyclic ring appear at Ô 28.4 ppm, 
and the methylene carbons of the cyclohexane appear at Ô 26.73 ppm. 
The methylene carbons of the oxymethylene units exhibit a chemical 
shift of Ô 66.8 ppm. The tertiary carbon of the cyclohexane ring in 
proximity to the bicyclic ring appears at Ô 42.9 ppm, and the tertiary 
carbon in proximity to the methylenephenylene system appears at 
Ô 42.0 ppm. The quaternary carbon of the bicyclic ring appears at 
Ô 80.5 ppm. 
The proton decoupled ^3C NMR spectrum of copolyester A3 is 
shown in Figure 49. The chemical shift of Ô 178.3 ppm is due to the 
ester carbonyl between the bicyclic ring and the cyclohexylene ring, 
and the peak appearing at 6 179.2 ppm is due to the ester carbonyl 
between the cyclohexylene ring and the methylenecyclohexylene system. 
The olefinic carbon appears at 6 130.3 ppm. The methylene carbons of 
the bicyclic ring appear at 6 28.0 ppm, and the methylene carbons of 
the cyclohexylene systems appear at Ô 27.1 ppm. The quaternary carbon 




Ü3Mre 48. Proton decoupled 13C NMR spectrum of copolyester A2. 
PPM 
Figure 49. Proton decoupled 13C NMR spectrum of copolyester A3. 
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of the bicyclic ring shows a chemical shift of 6 80.1 ppm. The 
chemical shift of 6 70.1 ppm is due to the methylene spacer. The 
chemical shifts of 6 42.5 and 41.9 ppm are due to the tertiary carbons 
of the cyclohexane ring in proximity to the bicyclic ring and the 
methylenecyclohexylene system, respectively. The tertiary carbons of 
the methylenecyclohexylenemethylene system appear at 6 36.0 ppm. 
The proton decoupled 13C NMR spectrum of copolyester A4 is 
presented in Figure 50. The olefinic carbons appear at 6 130.1 ppm. 
The quaternary carbon of the bicyclic rings appear at 6 80.0 ppm. 
The chemical shift at 6 72.7 ppm is due to the methylene group. 
The tertiary carbons of the cyclohexane ring in proximity to the 
bicyclo[2.2.2]oct-2-ene ring and methylenebicyclo[2.2.2]octanemethyl - 
ene system appear at 6 42.4 and 42.0 ppm, respectively. The methylene 
carbons of the ring systems appear in the chemical shift region of 
6 26.0 to 30.6 ppm. The chemical shift of 6 178.4 ppm is due to the 
ester carbonyl between the bicyclic and cyclohexylene rings, and the 
peak at 6 179.3 ppm is due to the ester carbonyl between the cyclo¬ 
hexylene ring and the methylene group. 
The proton decoupled *3C NMR of copolyester C2 is shown in 
Figure 51. The carbonyl chemical shift of 6 180.6 ppm is assigned to 
the ester carbonyl between the saturated and unsaturated bicyclic 
rings. The chemical shift of 6 179.1 ppm is assigned to the ester 
carbonyl between the saturated bicyclic unit and the methylenecyclo¬ 
hexylene unit. The olefinic carbons show a chemical shift of 6 130.0 
ppm. The methylene carbons of the ring systems appear in the region 
O-CWt-^^-CHg 
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Figure 50. Proton decoupled 13C NMR spectrum of copolyester A4. 
Figure 51. Proton decoupled NMR spectrum of copolyester C2. 
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of 35.6 to 25.1 ppm. The methylene carbons of the oxymethylene 
units appear at 6 69.8 ppm. The quaternary carbons of the bicyclo- 
[2.2.2]oct-2-ene ring appear at 6 79.6 ppm. The peak at 38.2 ppm 
is due to the bicyclo[2.2.2]octane quaternary carbon. 
The proton decoupled 13C NMR spectrum of copolyester C3 is 
shown in Figure 52. The carbonyl chemical shift of 6 180.6 ppm is due 
to the ester carbonyl between the two bicyclic ring systems. The 
carbonyl chemical shift of 6 179.9 ppm is due to the ester carbonyl 
between the saturated bicyclic ring and the methylenephenylene unit. 
The quaternary carbon of the bicyclo[2.2.2]oct-2-ene unit appears at 
6 80.0 ppm. The carbtons of the phenylene ring a and 0 to the methylene 
carbons show chemical shifts of 6 134.5 and 129.6 ppm, respectively. 
The methylene carbons of the oxymethylene unit show chemical shifts 
of 6 66.5 ppm. The olefinic carbons show a chemical shift of 6 130.3 
ppm. The methylene protons of the bicyclic rings appear in the 
region 6 26 and 28 ppm. The peak at 6 38.7 ppm is due to the 
bicyclo[2.2.2]octane quarternary carbon. 
The proton decoupled *3C NMR spectrum of copolyester C4 is 
illustrated in Figure 53. The carbonyl chemical shift of 6 180.8 ppm is 
due to the ester carbonyl between the two bicyclic ring systems. The 
carbonyl chemical shift of 6 179.9 ppm is due to the ester carbonyl 
between the saturated bicyclic system and the methylenebicyclo[2.2.21- 
octane unit. The quaternary carbons of the bicyclo[2.2.2]oct-2-ene 
unit appear at 6 80.0 ppm. The methylene carbon of the oxymethylene 
unit appear at 6 72.8 ppm. The methylene protons of the ring systems 
fjqure 52. Proton decoupled NMR spectrum of copolyester C3. 
Figure 53. Proton decoupled NMR spectrum of copolyester C4. 
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show peaks in the region 6 26.1 to 31.0 ppm. The olefinic carbons 
show a chemical shift of 6 130.3 ppm. The tertiary carbon of the 
bicyclo[2.2.2]octane ring appears at 6 38.7 ppm. 
The proton decoupled NMR spectrum of copolyester E2 is 
presented in Figure 54. The methylene carbons of the oxymethylene 
unit appear at 6 73.3 ppm. The methylene carbons of the bicyclic 
rings appear in the region 6 33.7 to 26.0 ppm. The carbons of the 
phenylene ring a and 0 to the carbonyls appear at 6 133.3 and 128.5 
ppm, respectively. The olefinic carbons exhibit a chemical shift 
of 6130.1 ppm. The carbonyl resonance at 6 167.2 ppm is due to the 
ester carbonyl between the unsaturated bicyclic unit and the phenyl¬ 
ene unit. The carbonyl chemical shift of 6 166.9 ppm is due to the 
ester carbonyl between the phenylene unit and the methylenebicyclo- 
[2.2.2]octane unit. The quaternary carbon of the bicyclo[2.2.2]oct-2- 
ene ring appears at 6 80.9 ppm. The peak at ca. 6 39 ppm is due to 
the quaternary carbon of the bicyclo[2.2.2]octane ring. 
Copolvesters Based on the Bicvclor2.2.21octane Ring System, Series 
B and D Copolyesters 
Routine Characterization 
The inherent viscosities and solubility properties of copoly¬ 
esters Bj, B2, B3, Dj, D2, and D3 are presented in Table 7. 
The IR spectral assignments and elemental analysis data are presented 
in Table 8. 
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Figure 54. Proton decoupled NMR spectrum of copolyester E2. 
Table 7. Inherent Viscosity3 and Solubility Data of Series B and D Copolyesters 
^inh Ethyl 
Copolyester g/dL CCI 4 acetate THF Dioxane TCB m-Cresol DMSO o-CP CHCI3 
h 0.69 swell ++ - - ++ - - 
B2 0.64 - - - - - - - - 
11 ++ swell ++ - - 
B3 0.63 
ll ++ II ++ - - 
°1 0.78 
ll ++ - - ++ - - 
D2 0.72 it ++ swell ++ - - 
D3 0.69 
It ++ ll ++ - - 
a, viscosities measured in m-cresol 
THF = tetrahydrofuran 
TCB = 1,3,5-trichlorobenzene 
DMSO = dimethyl sulfoxide 
o-CP = o-chlorophenol 
++ = soluble 
- - = insoluble 
Table 8. Infrared Absorption Assignments and Elemental Analysis Data for Series B and D 
Copolyesters 
CODOIvester Functionalities (cm-1) Elemental Analysis 
aromatic -CH2 C=0 C-0 C=C Found Calculated 
%C %H %C %H 




B2 -- 2860 1735 1265 -- 67.21 8.11 68.83 8.24 
B3 
-- 
II 1732 1260 -- 68.59 8.18 69.67 8.23 
Dl 857 
II 1730 II -- 69.40 7.22 71.39 7.47 
D2 -- 
II II II 
-- 69.77 8.08 70.82 8.21 
D3 
-- 
II 1735 II -- 69.38 7.96 71.53 8.19 
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Thermal Characterization 
The transitions observed by differential scanning calorimetry 
and optical polarizing microscopy are summarized in Table 9, and 
presented in Figures 55-64. The solid to liquid crystalline 
transitions were induced by shearing the polymers between the glass 
plate and the cover slide. 
NMR Characterization 
The *H NMR spectrum of copolyester Bj is shown in Figure 65. 
The chemical shift of 6 7.31 ppm is due to the aromatic ring 
protons. The methylene protons of the methylenephenylene unit show a 
chemical shift of 6 5.08 ppm. The methine protons exhibit a chemical 
shift of 6 2.35 ppm. The methylene protons of the bicyclic and 
cyclohexane rings absorb in the 6 1.10 to 2.09 ppm region. The peaks 
appearing at 6 7.73, 5.40, and 2.58 ppm are due to the solvent, unisol 
For copolyester B2 the methine and methylene protons of the 
ring systems exhibit absorptions in the 0.85 to 2.30 ppm region. 
The methylene protons of the oxymethylene system appear as a doublet 
centered at 6 3.86 ppm (Figure 66). The peaks appearing at 6 7.73, 
5.40, and 2.58 ppm are due to the solvent, unisol. The peaks ap¬ 
pearing in the region between 6 7.40 and 7.60 ppm are probably due 
to impurities. 
The NMR spectrum of copolyester B3 is presented in Figure 
67. The methylene protons of the oxymethylenebicyclo[2.2.2]octane 
system appear as a sharp singlet peak at 6 3.70 ppm. The methine 
116 
Table 9. Thermal Transitions of Series B and D Copolyesters 





Tg TS-L tD TS TS-L tD 
Bl 185 280 -- 178 219 292 
B2 145 265 -- 230 282 307 
B3 185 235 -- -- -- 288 
Dl 178 220 -- 147 263 326 
D2 180 275 -- 246 285 315 
D3 
150 220 -- -- -- 295 
Tg = glass transition temperature 
TS_L = solid to liquid crystalline transition temperature 
TD = decomposition temperature 





Figure 55. DSC thermogram of copolyester Bj 
118 
Figure 56. DSC thermogram of copolyester B2 
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Figure 57. DSC thermogram of copolyester B3 
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Figure 58. DSC thermogram of copolyester Dj 
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Figure 61. Optical micrograph of copolyester B2 at 282° 
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Figure 62. Optical micrograph of copolyester Bj at 219° 
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Figure 63. Optical micrograph of copolyester Dj at 263° 
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Figure 64. Optical micrograph of copolyester D2 at 285°. 




Figure 66. NMR spectrum of copolyester B2 
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and methylene protons appear in the 6 1.22 to 2.40 ppm region. The 
peaks appearing at 6 7.73, 5.40, and 2.58 ppm are due to the sol¬ 
vent, unisol. The peaks appearing in the region between 6 7.40 and 
7.60 ppm are probably due to impurities. 
The NMR spectrum of copolyester Dj is shown in Figure 68. 
The aromatic protons appear at 6 7.29 ppm. The methylene protons of 
the methylenephenylene system appear as a singlet at 6 5.06 ppm. The 
methylene protons of the bicyclic ring systems absorb in the 6 1.60 
to 2.20 ppm region. The peaks appearing at 6 7.73, 5.40, and 2.58 
ppm are due to the solvent, unisol. 
The NMR spectrum and 2-D COSY spectrum of copolyester D2 
are presented in Figures 69 and 70, respectively. The methylene 
protons of the methylenecyclohexane moiety appear as a doublet 
centered at 6 3.84 ppm. The methine and methylene protons of the 
ring systems show absorptions in the 0.95 to 2.18 ppm region. The 
peak appearing at 6 2.58 ppm is due to the solvent, unisol. The 
2-D COSY spectrum indicates that the doublet centered at 6 3.84 ppm 
is coupled to the peak at 6 1.80 ppm, the methine protons. 
The NMR spectrum of copolyester D3 is illustrated in 
Figure 71. The methylene protons of the oxymethylene unit appear 
as a singlet at 6 3.67 ppm. The singlet peak at 6 1.43 ppm is due to 
the oxybicyclo[2.2.2]octaneoxy system, the peak at 6 2.05 ppm is due to 
the oxymethylenebicyclo[2.2.2]octanemethyleneoxy system, and the trip¬ 
let centered at 6 1.73 ppm is due to the carbonylbicyclo[2.2.2]octane- 
carbonyl unit. The peaks appearing in the region 6 7.20 to 7.40 ppm 
are probably due to impurities. 
Figure 68. *H NMR spectrum of copolyester Dj. 
Figure 69. ^ NMR spectrum of copolyester Ü2- 
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Ligure 70. 2-D COSY spectrum of copolyester D2. 
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The proton decoupled NMR spectrum of copolyester Bj is 
presented in Figure 72. The peak at 6 175.8 ppm is assigned to the 
ester carbonyl between the bicyclic ring and the cyclohexane ring, 
and the peak at 6 175.5 ppm is assigned to the ester carbonyl be¬ 
tween the cyclohexane ring and the methylenephenylene system. The 
carbon of the aromatic ring which is a to the methylene group appears 
at 6 131.1 ppm and the 0 carbon appears at 6123.8 ppm. The quatenary 
carbon of the bicyclic ring appears at 6 76.7 ppm, and the methylene 
group appears at 6 63.3 ppm. The tertiary carbon of the cyclohexane 
in proximity to the bicyclic ring appears at 6 39.7 ppm, and the 
tertiary carbon in proximity to the methylenephenylene group appears 
at 6 38.8 ppm. The methylene carbons of the bicyclic and cyclohexane 
rings exhibit chemical shifts of 6 25.3 and 23.1 ppm, respectively. 
The proton decoupled NMR spectrum of copolyester B2 is 
presented in Figure 73. The absorption at 6 176.1 ppm is due to the 
ester carbonyl between the bicyclic ring and the cyclohexane ring. 
The chemical shift of 6 175.5 ppm is due to the ester carbonyl 
between the cyclohexane ring and the methylenecyclohexylenemethyl- 
ene system. The quaternary carbon of the bicyclic ring appears at 
6 76.7 ppm, and the methylene carbons of the oxymethylene unit 
appear at 6 67.0 ppm. The tertiary carbon of the cyclohexane ring in 
proximity to the bicyclic ring appears at 6 39.7 ppm. The tertiary 
carbon of the cyclohexane ring in proximity to the methylenecycl0- 
hexane system appears at 6 38.9 ppm. The tertiary carbons of the 
methylenecyclohexylenemethylene system are shielded and appear at 
-(•O' 
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Figure 72. Proton decoupled 13C NMR spectrum of copolyester Bj. 
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Figure 73. Proton decoupled 13C NMR spectrum of copolyester B2. 
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6 32.6 ppm. The methylene carbons of the bicyclic and cyclohexane 
rings appear at 6 25.3 and 23.3 ppm, respectively. 
The proton decoupled 13C NMR spectrum of copolyester B3 is 
presented in Figure 74. The absorption at 6 179.5 ppm is due to 
the ester carbonyl between the bicyclic and the cyclohexane rings. 
The chemical shift of 6 179.0 ppm is due to the ester carbonyl 
between the cyclohexane ring and the methylenebicyclo[2.2.2]octane- 
methylene system. The quaternary carbon of the bicyclic ring appears 
at 6 80.1 ppm. The methylene carbons of the oxymethylene unit 
appear at 6 73.1 ppm. The tertiary carbons of the cyclohexane ring 
in proximity to the bicyclic ring appear at 6 43.2 ppm. The 
tertiary carbons of the cyclohexane ring in proximity to the methy- 
lenebicyclo[2.2.2]octane unit appear at 6 42.5 ppm. The methylene 
carbons of the ring systems appear in the region of 6 31.0 to 22.6 
ppm. 
The proton decoupled 13C NMR spectrum of copolyester Dj is 
shown in Figure 75. The methylene carbons of the oxymethylene unit 
appear at 6 66.1 ppm. The methylene carbons of the bicyclic ring 
systems appear in the region of 6 '25.8 to 31.5 ppm. The carbons of 
the phenylene ring a and (3 to the methylene group appear at 6 134.2 
and 126.5 ppm, respectively. The quaternary carbons of the oxybicyclo- 
[2.2.2]octyleneoxy rings appear at 6 79.4 ppm. The carbonyl carbon 
peak at 6 180.4 ppm is due to the ester carbonyl between the two 
bicyclic rings. The carbonyl carbon peak at 6 179.9 ppm is due 
Figure 74. Proton decoupled 13C NMR spectrum of copolyester B3. 
O-CH. 
CHX“ 
Figure 75. Proton decoupled NMR spectrum of copolyester Dj. 
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to the ester carbonyl between the bicyclic ring and the methylene- 
phenylene unit. The peaks at ca. 6 40 ppm are characteristic of the 
carbons in the bicyclic rings which are CL to the carbonyl groups. 
The "Ball and Stick" and space filling models of copolyester 
Dj are presented in Figures 76 and 77, respectively. 
General Polyester Properties 
Generally, the solubility properties of the copolyesters are 
similar. This is due to the presence of the two methylene groups 
in the semi-flexible spacers which serve to disrupt the rodlike nature 
of the polymer chains and allow improved solvation. Polyesters with 
the 1,4-phenylene unit tend to be more highly colored (in the melt) 
than those with the all alicyclic units. 
ro 
Figure 76. "Ball and Stick" molecular model of copolyester Dj. 
CO 
Figure 77. Space filling molecular model of copolyester Dj. 
CONCLUSION 
We have demonstrated that the molecular geometry of the 1,4- 
bicyclo[2.2.2]octane diol and l,4-bicyclo[2.2.2]oct-2-ene diol are 
appropriate for the formation of thermotropic liquid crystalline 
polyesters. We have also shown that the reduced symmetry of the 1,4- 
bicyclo[2.2.2]oct-2-ene ring results in the formation of thermotropic 
polymers with lowered melting transitions. 
Although the use of 1,4-phenylenedimethylene and trans-1.4-cvclo- 
hexanelenedimethylene spacers with bicyclo[2.2.2]octane and cyclo¬ 
hexane rings resulted in the formation of thermotropic copolymer 
systems, copolyesters of similar structure containing 1,4-bicyclo- 
[2.2.2]octanedimethylene spacers decomposed without melting. 
A logical extension of this work would be to place a chiral 
substituent, for example, methyl (-CH3) groups on the 1,4-bicy- 
clo[2.2.2]octane ring. Homopolyesters synthesized based on this 
mesogenic group and 1,4-phenylene moiety would be expected to exhibit 
low temperature thermotropic properties typical of the cholestric 
(twisted nematic) phase. 
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